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The critical conditions for vigorous burning of spherical carbón partióles are derived using 
asymptotic techniques for large Zel'dovich numbers. The particle liíetime and the temperature 
history are obtained for both supercritical and subcritical regimes, when a carbón particle is 
suddenly exposed to a stagnant high temperature oxidizing atmosphere. For Damkóhler num-
bers below a critical number, that is, the subcritical regime, slow burning oceurs in the carbón 
particle. That means that throughout the life of the particle, the chemical reaction is controlled 
by kinetics. In this regime, the lifetime is extremely long. On the other hand, for Damkóhler 
numbers above the critical one, the process ends with a rapid increase of temperature finally 
reaching a reaction controlled by diffusion. In this supercritical regime, the life is relativelv 
short. For valúes of the reduced Damkóhler number very cióse to the critical one, a Ricatti 
equadon is derived for the non-dimensional temperature of the particle, the solution of which 
defines whether the particle undergoes subcritical or supercritical behavior. 
Introduction 
T h e combust ión of carbón has received 
special a t tent ion in the l i t e ra ture in the past 
years. T o study the in teract ion of the flow field 
vvith the carbón combus t ión , several flow ge-
ometr ies have been selected. T h e s tagnat ion-
flow geomet ry has been used for both exper i -
mental and theoret ical works . ' ^ 3 T h e principal 
objectives in most of these works have been the 
study of different regimes in ca rbón combus-
tión and the in teract ion of h o m o g e n e o u s a n d 
he te rogeneous react ions with the flow field. 
T h e influence on ca rbón combus t ión of the 
water vapor con ten í of the a t m o s p h e r e , has also 
been evaluated.3 , 4 T h e combus t ión of spherical 
carbón particles has been the object of several 
studies. Ubhayaka r 6 s tudied the quasi-
steady b u r n i n g a n d ext inct ion of spherical 
particles (carbón) in a quiescent oxidizer gas. 
Libby et al.7 ,8 ,10 '11 analyzed the steady-state a n d 
transient combus t ión of carbón particles sud-
denly inmersed in a hot oxidizing a t m o s p h e r e . 
In this context , the effect of the a tmosphe r i c 
water vapor concent ra t ion was also evaluated. 1 0 
In the last work of the series, Kassoy a n d 
Libby" used high activation asymptot ic me th -
ods for h igh Zel 'dovich n u m b e r s of the he te ro -
geneous react ion (2C + O2 —» 2CO), in o r d e r to 
s tudy the en t i re history of a carbón particle. 
T h e y analyzed d i f ferent reg imes a n d c o m p a r e d 
the results with the numer i ca l solution of the 
govern ing equa t ions . T h e y found very good 
a g r e e m e n t for critical t e m p e r a t u r e s not too 
cióse to the a m b i e n t t e m p e r a t u r e . T h e analysis 
of Kassoy a n d Libby fails when the t empera -
tures a re cióse to each o the r . 
T h e objective of this p a p e r is to ex tend the 
analysis of Kassoy a n d Libbv 1 ' to the case where 
the critical t e m p e r a t u r e is cióse to the high 
ambien t t e m p e r a t u r e . It is in this r eg ime that 
we obtain the critical condi t ions n e e d e d for a 
carbón part icle to achieve vigorous he t e rogene -
ous combus t ión . We show that activation eti-
ergy asymptot ic m e t h o d s a r e well suited to the 
s tudy of the t rans ien t behavior in this l imiting 
case. 
Formulation 
We cons ider the following physical p rob lem. 
A spherical ca rbón part icle of rad ius R„ is 
suddenly injected in a ho t oxidizing a tmo-
sphe re of t e m p e r a t u r e Tx a n d oxygen concen-
trat ion Ko2*. Only the d i rec t he t e rogeneous 
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reaction 2C(s) + O2 —> 2CO, is assumed, the 
reation rate of which is given by the Arrhenius 
law: 
r
~ BYa exp 
E 
~RT~. (1) 
the gas phase is fully justified because the ratio 
of the characteristic time in the gas (lg) to that of 
the solid (/J is given by 
PsCp\s 
PsCX « 1 (6) 
where B is the pre-exponential factor; E is the 
activación energy; T¡ corresponds to the tem-
perature at the solid/gas interface and R is the 
universal gas constant. Assuming quasi-steady 
behavior in the gas phase, the governing equa-
tions are given by: 
Gas phase 
This ratio is much less than unity due mainly to 
the density ratio. Due to the relatively high 
thermal conductivity of the carbón in compari-
son with that of the air, a uniform temperature 
of the solid is also assumed. This would change, 
of course, if the particle was subjected to forced 
or free convection. The equations in the gas 
phase are readily integrated: 
nf(2C !LL = JL(x ,.2 dr 
^ dr dr \ s dr 
mR dr dr \ dr J 
Solid phase 
P,c, 
dT _ \s d ( „dT 
d, ~ r2 dr 
with the boundary conditions given as 
a t r a c o , 7 = r „ , Yi = Yia¡ 
dT 
a t r = 0, — = 0 dr 
, dT 
at r=R, X —— 
* dr -mQ + mTs(Cp-Cs) 
+J(T*-T¿) + \, dT 
m=Wcr=WcBY0¡exp{-jY¡ 
pDi 
dYr o, Ya + 
Wn 
dr )s Y""' ' lWr 
(2) 
(3) 
(*) 
(5) 
The initial condition is the following: 
T = T 0 at ¡ < 0 for r < ño 
The instantaneous radius of the particle is 
changing at a rate given by 
dR 
dt 
m 
Ps 
T_ rI-rcoexP(-/3) 
l - exp( - | 3 ) 
, (T„-T,) / pR 
+
 l - e x p ( - ^ ) e X V ~ (7) 
and 
y,= ^ - ^ • . e x p ( - < 3 L e ) 
1 —exp( —í¡Le) 
, (Y,«-Yt¡) ( <3Le/? 
l - e x p ( - / 3 L e ) e X p \ (8) 
where (3 = mRCp/kg is the non-dimensional mass 
flow rate and Le = \g/pDCp is the Lewis number 
which can be assumed to be the same for all the 
species. Assuming a uniform temperature in 
the solid, the heat flux at the solid/gas interface 
is given by 
dT 
or 
RpsCs dTs 
3 dt (9) 
Introducing the following non-dimensional 
variables 
9 = •T, 
•T,„ 
y = 
l
o, 
?2, 
^O 
R¡PsCp 
R_ 
Rn 
(10) 
The meaning of the variables are described in the non-dimensional gas solid interface rela-
the nomenclature. The quasi-steady behavior in tions transform to 
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ge 
exp( j3 ) - l = - / 3 Q*+[l- e 
+Ja[{l-ae)i-l]-Ia2 „¿e 
1-7 
exp(/3 Le) —1 =y + v 
/3 = aA y^ exp 
a 9 
' e ( l - a G ) 
a¿7 = ' 
( i i ) 
(12) 
(13) 
(14) 
vvhere the resul t ing non-d imens iona l p a r a m e -
ters are defined as: 
(T = 
J 
i 0. , c . - f i 
C.T; 
y/y/; 7 ^ _ 
J
 00 J 5 00 (15) 
/ = - 3C, 
4 
J J O , ° O 
Wcfiib,--RoCp 
cxp 
RT^ 
E 
RTX 
A = 
T h e pa rame te r s listed in the above lines a re of 
o rde r of unity except A a n d e • A is the 
Damkóhle r n u m b e r a n d can be m u c h larger or 
much smaller than unity. e is the inverse of the 
non-dimens ional activation t e m p e r a t u r e , a n d 
for this case is a small n u m b e r . T h e initial 
condit ion is given by 
9 (0 ) = 1 
We define a critical non-d imens iona l t empera -
ture 0 , , which satisfies the t r anscenden ta l rela-
tion 
0 r + - 0 = - l n A (16) 
There fo re , the non-d imens iona l mass b u r n i n g 
rate P is given by 
/3 = ayQc exp (6*-e) 
e ( l - a 0 * ) ( l - a 0 ) 
where 
0* = 0 , 1 + K 0 , (17) 
For valúes of 0 la rger t h a n the critical valué, 
0 * , 3 is exponent ia l ly small a n d thus , the 
process is chemically frozen. As 9 a p p r o a c h e s 
0 * , the chemical react ion is i m p o r t a n t a n d has 
to be t aken into account . T h e r e a re two distinct 
limits in this p r o b l e m . For valúes of 0 * > e, that 
is, for valúes of the D a m k ó h l e r n u m b e r A > 1, 
the re exists first a w a r m u p stage whe re 0 
decreases from 1 to 0 * . It is followed by a very 
shor t t ransi t ion stage whe re the chemical reac-
tion changes f rom kinetic to diffusion con-
trolled, unti l the part icle is virtually c o n s u m e d . 
This limit has been analyzed by Kassoy and 
Libby.11 However , for valúes of the critical 
non-d imens iona l t e m p e r a t u r e 0 * = 0 , o f o r d e r 
e, the r e sponse of the part icle changes abrupt ly . 
Th i s i m p o r t a n t limit is analyzed in the next 
section. 
Analys i s 
As m e n t i o n e d earl ier , for valúes oí the non-
d imens iona l t e m p e r a t u r e of the particle 0 
la rger t h a n 0 r (which is a s sumed in this distinct 
limit to be of o r d e r e), the variables p, daldi and 
(1 —y) a re exponent ia l ly small. In this inert 
stage, 0 decreases f rom unity r each ing asynip-
totically the valué of zero as T —> =c. However , 
when 0 ~ 0 f ~ e, the chemical react ion is 
i m p o r t a n t in r each ing a t rans i t ion stage. For a 
concre te critical valué of A, Ar, the critical 
condi t ions a re ob ta ined . For A < A( (subcritical 
regime) , slow b u r n i n g occurs in the carbón 
particle. T h a t m e a n s tha t d u r i n g the whole life 
of the part icle , the chemical react ion is con-
trolled by kinetics. O n the o t h e r h a n d , for valúes 
of A > Af, the t ransi t ion stage is very l ong (o f the 
same o r d e r of m a g n i t u d e as the iner t stage) a n d 
ends with a r ap id increase of the t e m p e r a t u r e , 
r each ing the dif fusion-control led reg ime . T h e 
dif ferent stages a re analyzed below. 
Inert stage. For valúes of the non-d imens iona l 
t e m p e r a t u r e of the part icle such as 0 > 0 , the 
chemical react ion is exponent ia l ly small. This 
means that the oxygen concen t ra t ion at the 
ca rbón surface can be a s sumed to be the same 
as the a m b i e n t one . For the same reason, the 
particle rad ius does not c h a n g e in this inert 
stage. T h e gas/solid imer face relat ions t rans-
form to 
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dQf _ 
I-[f=J[(\-aQI)i-\}-Qf (18) 
with the initial condition 9 | (0) = 1. The 
subscript / denotes the temperature for this 
inert stage. Equation (18) witli the initial condi-
tion can be written as 
der 
j[(i-ae,)*-i]-e. (19) 
The asvmptotic behavior for 0/ as T —> x is given 
bv 
01 ~ c exp 1 + 4 J a (20) 
where c, of order unity, is a function of a , / a n d 
/. If we define T* as the time model for the 
particle to reach the non-dimensional tempera-
ture 0/ the valué of €, then 
0 y ~ e exp 
l + 4 J a (21) 
/ith 
and 
l + 4 J a 
lne 
Transition stage As 0 approaches a valué of 
order e, the chemical reaction is important and 
has to be retained in this transition stage. In this 
case, it is convenient to define 
vith 
J= 
z= 
6 = 
o — 
\J<x 
Q*a 
€ 
AZ 
(1+7) (¥' 
Here, Z denotes the appropriate Zel'dovich 
number or the ratio of the activation energy of 
the surface reaction to the thermal energy. 8 
represents the reduced Damkóhler number 
and is of the order of unity in this limit. 
Matching with the inert stage is achieved 
through 
4>~aexp( — a) asa-*— oo (27) 
In the limiting case of Z -
(26) reduce to 
oo, Eqs. (23) through 
d<j> 
— = -$+oexp(</>) da 
with the initial condition given by the matching 
condition (27). Equation (28) is the classical one, 
resulting in thermal explosión problems. For 8 
> e_1, cf> —* oo at a well defined non-dimensional 
time <J¡. On the other hand, for 8 < e~l, <t> tends 
to a pseudo-steady state given by the lower 
branch solution of the transcendental equation 
4>f = 8 exp (<l>e) (29) 
0 = - -
with <}> of order unity. Introduction of this 
relation into Eqs. (11) through (14) gives 
<t> 
da exp(/3)-l +^ü 
+ a>'5exp(</>) 
j-y . -
= y-\- y 
exp(/3Le)-l J 
a(l-J)8j>exp(<i>) 
1+7 
0 = 
da 
~dl 
z 
óyl 
exp(</>) 
(22) As is well known, there are two valúes of <$>e for 
each valué of 8 below a critical one, and no 
solution for larger valúes of 8. Only the lowest 
branch has physical meaning in this context. 
Figure 1 shows the non-dimensional tempera-
ture <}> as a function of the non-dimensional 
time cr for three different valúes of 8. Figure 2 
shows the critical non-dimensional time needed 
to obtain a runaway reaction, as a function of 8. 
(23) 
Subcritical regime. For <$> < e l, there are two 
characteristic time scales which define two 
(24) different stages. In the first one the evolution 
of (t> is governed by Eq. (28). Here (J) —»<(), as cr 
—» °o. In this pseudo steady state, p of order e is 
(25) small but different from zero. It is followed by a 
second slow stage, where the radius of the 
particle is governed by equation (26) in the 
(¿b> form 
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FIG. 1. Non-dimensional temperature <J> history oí 
the carbón particle during the transition stage for 
three different valúes of 8. 
Fio. 2. Critical non-dimensional time 07 in the 
transition stage needed to reach the diffusion con-
trolled stage as a f unction of 8. 
da 
da' = - ó e x p ( 0 , ) 
where 
a=-o 
(30) 
(31) 
In this slow t ime scale, the rad ius of the particle 
decreases because of the small mass b u r n i n g ra te 
3 . In Eq. (30), T<e satisfies the quasi-steady state 
gove rned now by the following re la t ionship : 
Í+Ja 
4>r = oa e x p f ^ ) (32) 
with the initial condi t ion a(0) = I. In F igure 3 
the evolut ion of "a" with the t ime, is p lot ted for 
d i f ferent valúes of J a n d 8. 
Supercritical regime. For 8 > e - 1 , (J> —» x at a 
well def ined critical valué of 07. At t he e n d of 
this t ransi t ion stage,}) falls to zero a n d (3 reaches 
the diffusion cont ro l led valué of 
ln 1 + -
Le 
(33) 
In o r d e r to s tudy the fu r the r evolut ion of the 
particle r ad ius a n d t e m p e r a t u r e , it is conve-
n ien t to r e t u r n to the variable © a n d to define a 
new non-d imens iona l t ime 
where 
1 + J 
( ( 7 , - l n e ) (34) 
T h e r e f o r e , t he interface re la t ions take the form 
- 3 = 5 
=sfc=r-*h('-f)e] 
+Ja[(\-aQ)i-\)}-Ia 
da 
with the initial condi t ions given by 
dQ_ 
dr 
a(0) 
6 ( 0 ) 
(35) 
(36) 
FIG. 3. History of the non-dimensional particle Both Eqs. (35) a n d (36) a re a u t o n o m o u s and 
radius a in the sub-critical regime for different valúes can be r e d u c e d to a single equa t ion with the 
of j and 8. phase-space variables ( 0 , a) in the form 
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,de e 
- + • 
i 
da a[exp(/3¿) —1] 
- 7 [ ( l - a 0 ) * - l ] 
a*+ i 0 
(37) 
with the initial condition 0(1) = 0. 
The asymptotic behavior for small a can be 
obtained from Eq. (37) as 
where 
0 ~ 
K = 
SI 
K 
+ (ca)K" fora^O (38) 
1 
exp(/3¿)- -i+1-c, 7> J 
and c is the integration constant to be obtained 
from the solution of the exact Eq. (37). In fact, 
Eq. (38) gives the exact solution, neglecting 
radiation (J = 0). In this case, 
l/K 
Therefore, Eq. (38) takes the form 
(39) 
The lifetime of the carbón particle for this 
supercritical regime is then given by 
iT7r'-lne)+¿ (40) 
Equation (39) can be rewritten, as a function of 
T, in the form which gives the non-dimensional 
temperature of the particle as a function of the 
non-dimensional time for this diffusion limited 
stage: 
0 = - ^ ( ( l - 2 & r ) * / 2 ' - l ) (41) 
From Eqs. (23) to (26), it can be shown that the 
ignition time for this case is of order e~1,3. Based 
on this fact, it is also convenient to introduce a 
new time scale of the form 
(44) 
In this regime, P can be evaluated from the 
critical conditions and is given by 
(45) 
in a first approximation. In the same form, 
from Eq. (24), we obtain after expanding the 
exponential term 
, = !-<£/> Lc(l
 + ?)e (46) 
Introducing Eqs. (44) through (46) into Eq. 
(26), the particle radius is given by 
T - - (47) 
Equation (47) shows that the particle radius 
decreases linearly with time in this regime. 
Introducing the relations (42) through (47) into 
the Eq. (23), we obtain a Ricatti equation for ói 
in the form 
d<t>¡ 
ds + 
4>i 
( l + y ) 2 * a ' 2 
vhich can be reduced further to 
doi 
ds -s + íú 
(48) 
(49) 
with 
Critical regime. For valúes of 8 cióse to the 
critical valué 8r, there are two different pro-
cesses for this transition stage. In the first one, 
for valúes of cr of order unity, (j> increases to 
valúes cióse to the critical valué, which in first 
order is equal to one. It is followed by a very 
slow process, which depending on the valué of 
8, either reaches a thermal runaway at a well 
defined time (supercritical) or 4> reaches a 
máximum and then decreases with time, 
reaching asymptotically the subcritical regime. 
To analyze this regime, it is convenient to 
introduce the following expansions 
bc (1 + e2'3 d+ ...) 
+ e"s * ! + e2'3 * 2 -
(42) 
(43) 
</>! = A o ! 
s=j[s-<Hl+J)Q.'a] 
A = 
1/3 
_(l-h/)ft*aj 
The initial condition is given by 
(50) 
a)---oo for
 s = -d=- — (1+J)(¿*ad (51) 
The associated second order linear differential 
equation to the Ricatti Eq. (49), is the Airy 
equation 
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where 
d2u 
0,= - - — 
u as 
(52) 
(53) 
Therefore, the solution of Eq. (49) with the aid 
of Eq. (53) is given as 
Ai'(s) + cBi'(T) 
At(s) + cBi(J) (54) 
Where Ai' and Bi' are the derivatives of the 
Airy functions. The initial condition gives the 
valué of c as 
Ai(-d) 
Bi(-d) 
The asymptotic bounded solutions for large 
valúes of s are given by 
±VF+ — + • 
4 Í 
(55) 
Thus, there are two asymptotic solutions for 
large s for bounded co. The positive one, gives 
an increase of the temperature with time. That 
means that the solution follows the middle 
branch of the S response curve. It can be 
shown,13 that this solution can only be reached 
for d = 2.338 . . . , which comes from the first 
zero of the Airy function A¿(-2.338 . .) = 0. If 
we note the asymptotic solution given by Eq. 
(55), IÜ„ the stability of both solutions can be 
easily found by assuming a small perturbation 
of that solution of the form 
to, + S) exp (vs) (56) 
Introduction of this relation into the Ricatti Eq. 
(49) shows that 
ti = 2u>e 
Therefore, the positive asymptotic solution is 
unstable. This means that for valúes of d > 
2.338 . . . , there is no longer a bounded solu-
tion for w, with to —> oo at a well defined time s¡. 
To further follow the evolution of the tempera-
ture and radius of the particle, the analysis 
made in the supercritical regime, Eq. (41), will 
be adequate. On the other hand, for d < 
2.338 . . . the solution initially tries to follow the 
middle branch. However, because this branch is 
unstable, to reaches a máximum and then drops 
to negative valúes reaching the stable branch 
solution. This stable branch solution couples 
FIG. 4. Non-dimensional time at ignition .s, for 
critical regime as a function of the parameter d. 
asymptotically with the subcritical regime ana-
lyzed earlier. More features of the solution to 
the Ricatti equation can be found elsewhere.1'1 
Figure 4 shows the critical non-dimensional 
time sj in function of d. 
Concluding Remarks 
In this paper we have analyzed the behavior 
of spherical carbón particles suddenly im-
mersed in a hot oxidizing atmosphere. Depend-
ing on the valué of the surface Damkóhler 
number, the particle undergoes different types 
of burning regimes. For valúes of the 
Damkóhler of the order of unity, the particle is 
heated in a inert stage, reaching the ambient 
temperature asymptotically. There follows a 
transition stage where the particle radius does 
not experience any important change. Depend-
ing on the valué of the Damkóhler number, for 
the supercritical regime, there is a well defined 
time where the chemical reaction changes 
abruptly to be controlled by diffusion. At this 
time, the particle is consumed following the R2 
law. On the other hand, for the subcritical 
regime, the temperature of the particle reaches 
(without being consumed) a pseudo steady state 
followed by a very slow burning process, that 
does not follow the R2 law for particle consump-
tion. For Damkóhler numbers very cióse to a 
critical one, there is a very slow transition stage, 
where the particle radius changes linearly with 
time until a condition is reached for supercriti-
cal behavior and there is a rapid increase in 
temperature. After this, the particle is con-
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s u m e d very rapidly, following the R~ law. O n 
the o t h e r h a n d , for subcritical behavior , the 
particle u n d e r g o e s very slow b u r n i n g t h r o u g h -
out its life. 
In this p a p e r we have a s sumed a s tagnant 
a t m o s p h e r e . In this case, the a s sumpt ion of a 
un i fo rm t e m p e r a t u r e of the part icle is fully 
justif ied because the t h e r m a l conductivi ty of 
ca rbón is g rea t e r than that of air. However , for 
t u rbu l en t flow, the particles follow only the 
large eddies . T h e influence of the smaller 
eddies on hea t t ransfer is very i m p o r t a n t a n d 
has to be t aken into account in this type of 
analysis. For r ap id convective fluctuations, the 
t e m p e r a t u r e of the particles canno t be assumed 
to be u n i f o r m a n d the t h e r m a l diffusivity of the 
solid plays an i m p o r t a n t role in the b u r n i n g 
behavior of the part icle. Th i s type of analysis is 
left for fu tu re work. 
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Nomencla ture 
Ai Airy function 
a Non-d imens iona l r ad ius of part icle de-
fined in (10) 
Bi Airy funct ion 
B P re -exponen t i a l factor of the chemical 
react ion 
Cp Specific hea t at cons tan t p r e s su re of the 
gas 
cv Specific hea t of the part icle 
d Non-d imens iona l p a r a m e t e r i n t roduced 
in (42) 
<í Non-d imens iona l p a r a m e t e r def ined in 
(51) 
D, Diffusion coefficient for specie i 
E Activation ene rgy of the chemical react ion 
/ Non-d imens iona l t h e r m a l iner t ia of par t i -
cle def ined in (15) 
J Radia t ion factor 
J Non-d imens iona l rad ia t ion p a r a m e t e r de-
fined in (15) 
K Non-d imens iona l p a r a m e t e r i n t roduced 
in (38) 
Le. Tewis n u m b e r 
m B u r n i n g mass flow ra te 
Greek 
a Non-d imens iona l t e m p e r t u r e ratio de-
fined in (15) 
P Non-d imens iona l b u r n i n g mass flow rate 
def ined accord ing to (15) 
A D a m k ó h l e r n u m b e r defined in (15) 
8 R e d u c e d D a m k ó h l e r n u m b e r defined ac-
co rd ing to (26) 
e Non-d imens iona l ized inverse of the acti-
vation ene rgy def. (15) 
4>i Non-d imens iona l variable defined in (43) 
4> Non-d imens iona l variable defined in (22) 
\g T h e r m a l conductivity coefficient for the 
gas 
\ , T h e r m a l conductivi ty coefficient for the 
solid 
A Non-d imens iona l p a r a m e t e r defined in 
(50) 
y Non-d imens iona l p a r a m e t e r defined in 
(15) 
p Gas density 
p, Solid density 
a N o n d i m e n s i o n a l t ime defined according 
t o ( 2 1 ) 
a Non-d imens iona l t ime defined according 
to (26) 
0 * Critical non-d imens iona l t e m p e r a t u r e de-
fined in (10) 
O r Critical non-d imens iona l t e m p e r a t u r e de-
fined in (16) 
G Non-d imens iona l t e m p e r a t u r e defined in 
(10) 
T Non-d imens iona l t ime defined in (10) 
cu Non-d imens iona l variable in t roduced in 
(50) 
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Subscripts 
c Critical 
d Diffusion control 
e Steady state 
g Gas 
/ Ignit ion 
i Species 
0 Initial 
O2 Oxygen 
s Solid 
x Ambien t 
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